The purpose of this study was to better characterize renal adenine nucleotide pool responses to different forms of shock, contrast the changes to those found in other intra-abdominal organs (the liver and small intestine), and assess whether these changes are closely mimicked by those produced by renal arterial occlusion, the usual method used to study ischemic acute renal failure. Rats were subjected to hemorrhagic shock, septic shock, or cardiopulmonary shock of varying severities and durations. The liver consistently had the greatest energy depletion, followed by the kidney, and then the small intestine. However, only the kidney developed clear morphological damage (S3 brush border sloughing). Kidney adenylate pools were better preserved during septic shock and cardiopulmonary shock than during hemorrhagic shock despite comparable blood pressures. Only profound hemorrhagic shock (35-40 mm Hg for 25 minutes) decreased total adenylate pools (ATP+ADP+AMP). However, the degree of renal catabolite (nucleosides plus purine base) accumulation did not correlate with the amount of renal total adenine nucleotide depletion, partially because circulating catabolites contributed to intrarenal catabolite pools. Purine base/uric acid ratios differed among shocked organs, consistent with different degrees of xanthine oxidase activity (small intestine>liver>kidney). Renal morphological damage decreased during the immediate (0-30 minutes) postshock period, and the extent of this improvement was not altered by xanthine oxidase inhibition (oxypurinol), suggesting that the immediate postshock period is not one of serious oxidative injury. Shock, in comparison with renal arterial occlusion, caused only modest ATP loss/ catabolite accumulation, very low purine base/uric acid ratios, and no immediate-reperfusion (0-30 minutes) resynthesis of the total adenylate pool. Thus, ischemia-induced renal adenylate changes may differ considerably, depending on the nature of the ischemic event. (Circulation Research 1991;68:185-196) R enal ischemia, either alone or in concert with nephrotoxic agents, is probably the most common cause of acute renal failure (ARF) requiring dialysis.1 Because of this, an immense experimental literature has developed that addresses mechanisms of ischemic renal damage. With rare exception, these studies have relied on either mechanical renal arterial occlusion (RAO) or intrarenal norepinephrine infusion to induce ARF. Both of these procedures cause a total or near total cessation of renal blood flow.2,3 In contrast, most clinical ischemic ARF results from renal hypoperfusion, in-
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One of the earliest tissue changes induced by shock is ATP depletion.4 Indeed, a fall in ATP to some critical value is generally believed to trigger a cascade of complex biochemical reactions, culminating in ischemic cell necrosis.5 Therefore, adenylate cellular energetics have been exhaustively studied in blood flow cessation ARF models. However, renal adenylate responses to shock have not been studied to any great extent. For example, although it is known that renal ATP levels decrease in severe hemorrhagic shock (HS) (e.g., see References 6-10), the relative degree of decline in the kidney versus extrarenal organs, the renal adenylate responses to nonhemorrhagic forms of shock, the pattern of adenylate catabolite accumulation in ischemic organs, and the extent of renal adenine nucleotide recovery immediately after shock have not been adequately defined. Therefore, the present study was undertaken to answer the following six specific questions:
1) To what degree is the kidney vulnerable to shock-induced ATP depletion compared with other intra-abdominal organs? During shock, tubular ATP demand drops because of a decrease in tubular sodium reabsorption (dictated by a decrease in glomerular filtration rate) (e.g., see Reference 11) . Whether this decrease in energy demand during decreased 02 supply renders the kidney relatively shock resistant, compared with other intra-abdominal organs, has not been assessed.
2) Does the degree of shock-induced ATP depletion vary according to the etiology of the shock, or do ATP levels merely reflect the severity of blood pressure reduction? This issue has clinical relevance since not all forms of shock (e.g., cardiogenic shock) appear to have the same potential for inducing ischemic ARF. 12 3) What level of shock is required to cause an increment in purine base content? Although it is known that ATP levels decline during shock, the degree of shock required to degrade adenine nucleotides to purine bases has not been resolved. This issue has pathogenic relevance because xanthine oxidase (XO)-mediated oxidant stress requires hypoxanthine generation.1314 If only profound shock generates this substrate, then moderate shock, such as usually precedes clinical ischemic ARF, would presumably not be sufficient to fuel XO-mediated oxidant stress. 4) If shock-induced hypoxanthine accumulation occurs within the kidney, does this produce oxidant tissue injury? This laboratory has previously reported that XO inhibitors do not lessen the severity of ischemic ARF, assessed 24 hours after renal hypo-perfusion15 or RAO.1617 However, it remains possible that XO inhibitors do, in fact, exert a mild protective effect in the immediate postischemic period (when oxidative stress should be maximal) but that this influence is masked by delayed functional/ morphological assessments. Thus, in the present study, we have sought to determine whether "reperfusion injury" occurs in the immediate postshock period and, if so, whether it can be lessened by XO inhibition. To this end, the severity of brush border membrane damage, as assessed morphologically, was assessed at the end of shock and in the early postshock period with and without XO inhibition. 5) What is the capacity of the kidney to recover its adenine nucleotide pool in a postshock period? Thirty minutes after RAO, total adenine nucleotide (TAN) pools rebound by approximately 50%, compared with end-ischemic values.17 However, the capacity for early adenylate recovery in a postshock period needs to be resolved. This is an important issue, since early postischemic adenylate recovery is thought to be an important determinant of the postischemic cell salvage rate.18 6) Do shock and RAO induce qualitative, or just quantitative, differences in ischemic adenylate profiles? Shock causes far less ATP loss than does RAO.3 However, do qualitative differences also exist between these two forms of ischemic injury? Specifically, does shock induce different adenylate catabolite profiles than does RAO because of continued, albeit limited, 02 delivery in the former state?
To answer each of the above questions, experiments were performed in rats that were subjected to different types and severities of shock. Then, adenine nucleotide and catabolite concentrations, as well as morphological injury in the kidney versus the extrarenal organs, were assessed.
Materials and Methods
Female Sprague-Dawley rats (175-225 g; Bantin and Kingman, Inc., Fremont, Calif.), housed under standard laboratory conditions, were used for all of the following experiments. Sixteen to 18 hours before experimentation, food (but not water) was withdrawn so that the small intestine (SI) would be free of particulate matter at the time of tissue harvesting. All experiments were conducted under pentobarbital anesthesia (30-40 mg/kg), and body temperature was continuously maintained at 37°C. Rats were divided into three main shock groups: HS rats, cardiopulmonary shock (CPS) rats, and septic shock (SS) rats. After completing each of the shock procedures, as described below, an approximate 1-inch loop of SI, a 1-g piece of liver, and the left kidney of each rat were harvested for adenine nucleotide analysis as follows: An intestinal loop was externalized through a midline abdominal incision and flashfrozen by immersion in a dish of liquid nitrogen. Immediately thereafter, one operator loosely held the most inferior superficial liver lobe with forceps while a second operator held the left kidney in the same manner. The pieces of liver and kidney were excised at the exact same time and immediately immersed into liquid nitrogen. The length of time required to excise and freeze these tissues was less than 0.5 seconds. The delay between SI versus liver/ kidney freezing was less than 30 seconds. After liver/kidney resection, a segment of the previously frozen SI loop was snapped off for subsequent analysis. The adequacy of this technique for obtaining nonischemic liver, kidney, and SI samples was confirmed in pilot studies by showing normal adenine nucleotide profiles in tissues obtained by this method in comparison with results obtained by in vivo freezeclamping. 17 The reason for using this technique is that freeze-clamping could not be simultaneously performed on more than one organ.
The kidney cortex and outer medulla were chipped off the inner "white" medulla under liquid nitrogen, and the former two were used for biochemical analysis. Renal, hepatic, and SI tissues were ground into a fine powder under liquid nitrogen and extracted for adenine nucleotide/catabolite analysis. All samples were analyzed for ATP, ADP, and AMP by a high-performance liquid chromatography (HPLC) method that also allows for inosine monophosphate quantitation. 19 If an experimental protocol induced a decrement in TAN (ATP+ADP+AMP) content, the organs from those experiments were subjected to a second HPLC procedure19 to permit quantitation of adenine nucleotide catabolites (adenosine, inosine, hypoxanthine, xanthine, and uric acid). All concentrations were expressed as micromoles per gram tissue dry weight to correct for differences in tissue water content. Control (nonischemic) kidney, liver, and SI adenine nucleotide/catabolite concentrations were determined in a group of eight normal rats that had only been anesthetized and subjected to the tissue resection procedure described above.
HS Protocol
HS rats (n=62) underwent a midline abdominal incision, and a heparinized PE-90 catheter was inserted into the abdominal aorta just above the bifurcation. The catheter was attached to a heparinized syringe, which was used subsequently for blood withdrawal. Next, a left carotid artery catheter was placed for monitoring mean arterial pressure (MAP).3 The HS rats were divided into nine experimental groups. Group 1: Short HS of 75-80 mm Hg for 3 minutes (n= 7). MAP was lowered to 75 -80 mm Hg over 8-10 minutes by gradually withdrawing 2-3 ml blood from the aortic catheter. After 3-4 minutes within this MAP range, the tissues of interest were resected, as noted above. MAP was strictly maintained within the target blood pressure range by either withdrawing or reinfusing small quantities (<0.2 ml) of blood, as necessary.
Group 2: Short HS of 55-60 mm Hg for 3 minutes (n=8). The above protocol was repeated, but MAP was lowered to 55-60 mm Hg by withdrawal of 3-4 ml blood over 8-10 minutes. After 3-4 minutes within this target range, tissues were excised for subsequent analysis, as noted above.
Group 3: Short HS of 35-40 mm Hg for 3 minutes (n=6). MAP was lowered to 35-40 mm Hg over 8-10 minutes by withdrawal of 4-5 ml blood. After 3-4 minutes within this range, SI, liver, and kidney tissues were sampled, as described above.
Group 4: Prolonged HS of 55-60 mm Hg for 25 minutes (n=5). Rats had their MAP lowered into the 55-60 mm Hg target range, as noted above, and it was maintained at this level for 25 minutes. Due to the tendency for MAP to rise during the 25-minute shock period, small amounts of blood were withdrawn as needed during this time to maintain the 55-60 MAP range. After 25 minutes of HS, tissue excision was conducted, as previously noted.
Group 5: Prolonged HS of 35-40 mm Hg for 25 minutes (n=9). The above protocol was repeated, but MAP was maintained at 35-40 mm Hg throughout the 25-minute hypotensive period.
Group 6: Adenine nucleotide recovery after prolonged, severe HS (n=5). Rats were subjected to HS (35-40 mm Hg for 25 minutes), and then their MAP was abruptly returned to normal (2115 mm Hg) by reinfusing as much of the withdrawn blood as required. The blood was maintained at 37°C before reinfusion to avoid inducing hypothermia. After 30 minutes of normotension, the organs of interest were harvested as noted previously.
Group 7: Effect of HS on organ histology (n=5). To assess the effect of severe shock (35-40 mm Hg MAP for 25 minutes) plus 30 minutes of normotensive reperfusion on kidney, SI, and hepatic histology, five rats were subjected to the above protocol, but instead of taking tissues for biochemical analysis, approximately 50 ml of 1.25% glutaraldehyde in phosphatebuffered saline was infused over 5 minutes (130-140 mm Hg) through the aortic catheter. A cut renal vein allowed for fixative efflux. A midcoronal section of each kidney (containing all anatomic regions), cross sections of intestine, and a piece of liver were postfixed in 10% buffered formaldehyde. Four-micron paraffin-embedded sections were stained with hematoxylin and eosin. Organs from two normal rats obtained in the same fashion were used as controls.
Group 8: Effect of "reperfusion" on renal histology (n=15). The purpose of this experiment was to assess whether renal injury is intensified during early vascular reperfusion, consistent with a period of XOmediated oxidant stress. Fifteen rats were divided equally into three groups, and all were subjected to the 25-minute 35-40 mm Hg shock protocol. Subgroup 1 had their kidneys perfusion-fixed for histology at the end of the shock period. Subgroup 2 had their kidneys fixed 30 minutes after recovery from shock. Subgroup 3 was treated exactly like subgroup 2 except that they received oxypurinol, an irreversible XO inhibitor, 10 minutes before the start of shock (5 mg/kg i.v.).17 The severity of morphological injury was assessed in a blinded fashion by grading the extent of proximal tubular brush border sloughing/ bleb formation, as previously detailed by Venkatachalam et al. 20 This was scored semiquantitatively on a 1+ to 4+ scale (0-15%, 15-30%, 30-50%, and >50% S3 segmnent involvement). The results were contrasted by the Wilcoxon rank-sum test with Bonferroni correction. Two issues were addressed: 1) Does the extent of morphological injury change during the immediate postshock period (e.g., oxidative stress)? 2) Does oxypurinol lessen this damage? Group 9: Systemic hypoxanthine injection (n=4). The following experiment evaluated whether the amount of ATP catabolite (e.g., hypoxanthine/xanthine) accumulation within kidney during shock is partially determined by uptake from circulating pools or whether it is solely the result of intrarenal adenylate breakdown. Four rats were subjected to 25 minutes of 35-40 mm Hg HS exactly as detailed above, but once this MAP range was reached, they were infused for 25 minutes with 65 mg/kg hypoxanthine (in 0.1N NaOH, 10 mg/ml). Immediately upon completion of the shock period, the left kidney was removed, and it was processed for adenylate/catabolite concentrations. The adenylate results were com-pared with those found in the Group 5 rats, discussed above. In addition, a terminal plasma uric acid level was measured (Cobas; Roche Diagnostics, Chicago).
Although the above experiment assessed whether circulating catabolites can raise intrarenal catabolite concentrations during shock, it did not determine whether plasma adenylate catabolite concentrations do, in fact, rise in the absence of catabolite infusion. To address this issue, four rats had baseline plasma uric acid levels determined both before and at the end of 25 minutes of 35-40 mm Hg HS. A rise in uric acid was taken as evidence that intracellular adenylate breakdown leads to increments in circulating catabolite pools.
CPS Protocol
To induce a form of shock that is associated with hypoxemia and high right atrial/central venous pressures, a pulmonary embolism model was developed. Sephadex G-50 chromatography beads (Pharmacia LKB Biotechnology Inc., Piscataway, N.J.) were equilibrated with normal saline, and a slurry was loaded into a syringe capable of delivering repeated 50-gl injections. The swollen beads have a diameter of approximately 100-200 ,um. Thus, after intravenous injection they lodge in the pulmonary vasculature, not gaining access to the peripheral circulation. To induce CPS, rats (n=7) were anesthetized; the jugular vein and left carotid artery catheters were placed in these two vessels; and 50 ,gl slurry was injected intravenously every 30-60 seconds. MAP was gradually lowered to 30-40 mm Hg over 8-10 minutes (times matched to short HS experiments), and after 3-4 minutes within the target blood pressure range, the liver, kidney, and SI were resected for biochemical analysis. Then, the thorax was opened to visually inspect the right atrium to confirm dilation (compared with previously examined normal rats). In two rats, 1 ml arterial blood was withdrawn from the aortic catheter immediately after tissue sampling to assess arterial oxygen tension (Po2).
SS Protocol
Rats (n =7) were anesthetized, and a jugular vein and the left carotid artery were catheterized. One and one half milliliters of an Escherichia coli suspension (1 x 1010 to 1 x 1011 organisms/ml saline) was injected intravenously over 3 minutes. This resulted in an MAP declining to 55-60 mm Hg within 10 minutes. Once MAP fell into this target range, 3-4 minutes was allowed to elapse, and then the tissues of interest were resected for biochemical analysis.
Adenine Nucleotide/Catabolite Profiles Induced by HS

Compared With Those Induced by RAO
Rats (n=5) were surgically prepared for the HS protocol. Just before blood withdrawal, the right renal pedicle was occluded with a silk ligature. Then HS (35-40 mm Hg) was induced over 10 minutes. After completing 25 minutes of right renal pedicle occlusion, this kidney was resected distal to the ligature and frozen, as previously noted. The left kidney was harvested after completing 25 minutes of 35-40 mm Hg HS. Adenine nucleotides and catabolites were contrasted between the left (RAO) and the right (shock) kidneys.
Data Analysis
All values are given as mean+ 1 SEM. Betweenorgan comparisons were made by multivariate analysis of variance21: the short HS shock experiments were analyzed together; all remaining experiments were analyzed individually. Absolute values could not be used for between-organ comparisons because the sizes of the starting adenylate pools were not identical. Thus, relative tissue ischemia was assessed by changes in ATP/ADP ratios and in the adenylate energy change (AEC): (ATP+1/2 ADP) ÷ (ATP+ ADP+AMP)22; these determinations, being ratios, are independent of the size of the original adenylate pool. These values were also expressed as a percentage of normal values for a particular tissue. Additional analyses were performed as described in "Results." Whether a shock protocol induced an abnormal result in any particular rat or group of rats was assessed by determining whether a particular value fell outside the 95% confidence band for normal tissue concentrations.
Results
Short HS Experiments
None of the short HS protocols (groups 1-3) decreased TAN content in any organ (below 95% confidence limits). However, both kidney and liver showed loss of ATP, as reflected by a decrease in the AEC and/or in the ATP/ADP ratio, even at 75-80 mm Hg (<95% confidence limits; Table 1 ). In contrast, SI tolerated all of the short HS experiments extremely well: the AEC remained within the normal range, even at 35-40 mm Hg. Interorgan comparisons for these experiments are presented in Figure 1 . In each of the three short HS experiments, the percent preservation of AEC and of the ATP/ADP ratio was highest in the SI, followed by the kidney, and then the liver (overall comparison, p<0.0001); each organ differed significantly from the other (p <0.0025).
Prolonged HS Experiments
Prolonging the 55-60 mm Hg HS protocol from 3 to 25 minutes (group 4) did not have any obvious additional adverse effects on hepatic or renal energetics: the AEC and ATP/ADP ratios for these two organs remained essentially unchanged from the 3-minute values, and the TAN content stayed within normal limits (Table 1) . However, the SI finally manifested AEC and ATP/ADP ratio depressions with this protocol.
In contrast, the 25-minute 35-40 mm Hg HS protocol (group 5) did produce declining energetics in all three organs compared with the 3-minute values: the hepatic and renal AEC fell from 0.39 to 0.18 and from 0.48 to 0.34, respectively (Table 1) , and TAN declined by approximately 20% in both tissues (both below 95% TAN confidence limits). Thus, the prolonged 35-40 mm Hg HS protocol was the only protocol to induce any TAN depletion. In contrast to the liver and kidney, the SI still failed to develop a TAN decrement. Figure 2 contrasts adenylate profiles for liver, kidney, and SI in these prolonged HS experiments (groups 4 and 5). The percent preservation of AEC and of the TAN content were used for these comparisons. As with the short HS protocols, the AEC was best preserved in SI, followed by kidney and then liver (all significantly different at p<O.OO1). No differences in percent TAN preservation were noted between the organs in the 55-60 mm Hg HS experiments (since all values remained within normal limits). The 35-40 mm Hg HS protocol was associated with comparable liver and kidney TAN preservation (85% and 78% of normal values, respectively; p=NS); both values were significantly lower than the FIGURE 2. Graphs showing adenylate responses to prolonged (25-minute) hemorrhagic shock (HS). The percent preservation of adenylate energy charge (AEC) was lowest in the liver, followed by the kidney, and then the small intestine (SI) (all organs were significantly different at p<O.001). With 55-60 mm Hg HS, none of the organs developed a significant loss of total adenine nucleotide (TAN) content. Although the kidney and liver each had a significant TAN loss at 35-40 mm Hgfor 25 minutes, the amount did not differ significantly. SI results (100% preservation; p<O.05 versus kidney; p<O.015 versus liver). Figure 3 contrasts the absolute adenylate high energy phosphate (-P) concentrations in liver and kidney after the two 25-minute HS protocols (-P=ATPx2+ADP, based on the fact that ATP and ADP have two and one high energy phosphates per molecule, respectively). The kidney had a significantly higher absolute adenylate high energy phosphate concentration than the liver in both sets of experiments, indicating that the higher AEC with comparable percent TAN preservation in both the kidney and liver did, in fact, equate with a higher absolute adenylate energy content in kidney.
Comparison ofAdenylate Catabolite Profiles in Liver,
Kidney, and SI During HS
Since only the 25-minute 35-40 mm Hg HS protocol (group 5) induced any TAN depletion, comparisons of hepatic, renal, and SI catabolite profiles were restricted to this set of experiments. Individual catabolite concentrations are presented in Table 2 , whereas statistical comparisons (by analysis of variance) are given in Figure 4 . Total catabolite (Tcat) concentra- tions were also calculated (Tcat=adenosine+inosine monophosphate+inosine+hypoxanthine+xanthine+ uric acid). Despite comparable TAN breakdown for liver and kidney, the kidney had approximately twice as much Tcat accumulation (Figure 4a;p<0 .01). The SI and liver had comparable Tat levels, despite the fact that no SI TAN breakdown had occurred. Qualitative differences in catabolite profiles also existed. The ratio of purine base to uric acid [(hypoxanthine+xanthine)/ uric acid; an inverse reflection of XO activity]17 was always the highest in the kidney, followed next by the liver, and finally by the SI (Figure 4b;p<0 .001). Thus, uric acid constituted just 33% of the renal T,.t value compared with 47% and 65% for the liver and SI, respectively (p<0.001 overall, all significantly different; Figure 4C ).
Effect of Intravenous Hypoxanthine Infusion on Renal Catabolite Concentrations (Group 9 Experiments)
Infusion of hypoxanthine during the period of 35-40 mm Hg HS approximately quadrupled intrarenal hypoxanthine concentrations in comparison with the catabolite levels discussed above (4.55+± 0.63 versus 1.07+ 0.45 ,mol/g; p<0.01 by unpaired t test). (Table 1) . Thus, no tissue showed any TAN increment.
Histological Changes in Response to 35-40 mm Hg HS
At the end of shock (no reflow), prominent morphological injury was observed within the kidney, but it was confined to the outer medullary S3 proximal tubular segments. Approximately 75% of S3 segments showed extensive brush border effacement and "bleb" formation20,23,24 (Figures 5a and 5b) . The only other abnormality noted was mild inner medullary vascular congestion, as previously described.3 S, and S2 proximal segments and medullary thick ascending limb cells appeared intact.
By 30 minutes of the postshock period, much of the S3 morphological damage appeared to resolve. Intraluminal blebs20 were far less frequently observed, and the brush border effacement had decreased considerably; only approximately one third of S3 segments still showed involvement (histological scores: end ischemia, 4.0+0.0; 30-minute reflow, 2.6+0.4; p<0.02) All values are means (±+ 1 SEM in parentheses). ADO, adenosine; IMP, inosine monophosphate; INO, inosine; HPX, hypoxanthine; X, xanthine; UA, uric acid. For the sake of comparison, normal concentrations for each compound in kidney, liver, and intestine are all <0.04 ymol/g, except UA (liver <0.02; intestine, kidney <0.20 ,gM/g dry wt). Specific statistical comparisons between the three groups are presented in Figure 4 . ( Figures 5c and 5d ). The mild medullary vascular congestion appeared unchanged. Only very rare S3 tubular cells appeared necrotic (as defined by cell dissolution with debris lying free within the lumina). Only 1 or 2 clearly necrotic cells were seen in every 2 or 3 x 400 fields. Oxypurinol therapy appeared to have no significant impact on the 30-minute reflow histological results, since the only prominent histological change in the reflow period (residual brush border damage) was not significantly decreased with this treatment (score, 2.4+0.5; p=NS from nontreated shock-reflow controls).
After 30 minutes of reflow, the SI (ileum) showed intact brush borders and no necrosis. Very mild hepatocyte vacuolization was seen, particularly around central veins. However, no necrosis was apparent.
CPS and SS Experiments
In each of the seven CPS rats studied, the same interorgan adenylate pattern was observed: the liver always had the lowest percent preservation of both the AEC and ATP/ADP ratio, followed by the kidney, and then the SI (p<0.001). A direct statistical comparison of absolute renal AEC and ATP/ADP ratios between the CPS rats and their HS counterparts (35-40 mm Hg for 3 minutes) revealed significantly higher values for the CPS group (AEC: 0.63 versus 0.48, p<0.01 by unpaired t test; ATP/ADP: 1.49 versus 1.01, p<0.02 by unpaired t test). A comparison between hepatic and SI values for the HS and CPS groups revealed no significant differences. None of the CPS rats had a depression in TAN content in any organ. The Po2 values for the two CPS rats so tested were 33 and 40 mm Hg. Striking right atrial enlargement was noted in each CPS rat after death.
In each of the seven SS rats, the liver consistently had the lowest percent preservation of both the AEC and the ATP/ADP ratio (p< 0.006) although the TAN remained normal. Unlike all the other shock experiments, SS caused no significant depression in either the renal AEC or ATP/ADP ratio. The SI AEC and ATP/ADP ratios also remained within normal limits. A comparison of absolute AEC and ATP/ADP ratios by unpaired t test between the SS rats and their HS counterparts (55-60 mmHg for 3 minutes) revealed significantly higher hepatic (p<0.02) and renal (p<O.OOl) values in the SS group (p=NS for SI).
Comparison ofAdenylate Profiles Induced by 25 Minutes of 35-40 mm Hg HS Versus RAO The degree of adenine nucleotide breakdown and the amount of Tcat accumulation was approximately two and one half times greater with RAO than with HS (Table 3) . A difference in the pattern of adenylate breakdown also existed (see Figure 6 ). The ratio of hypoxanthine +xanthine/uric acid was dramatically higher with RAO than with HS (Figure 6a ;p<0.001). Thus, the uric acid contribution to the Tcat content (uric acid/Tcat%) was much greater with HS (45%), than with RAO (8%) (Figure 6b ; p<0.001).
Discussion
The first goal of this study was to contrast the severity of renal adenine nucleotide loss during shock to that which occurs in other intra-abdominal organs. We postulated that renal adenine nucleotide pools would be relatively well preserved, since a shockinduced decrease in the glomerular filtration rate should help to maintain ATP levels, due to a decrease in active tubular filtrate reabsorption. The results obtained tend to discount the notion of relative renal resistance to shock, since adenylate energetics declined in each HS protocol, with the degree of reduction being intermediate between that found in the liver and the SI. Furthermore, only the kidney demonstrated clearcut histological damage in response to shock, with prominent S3 proximal tubular brush border blebbing/sloughing becoming apparent at 35-40 mm Hg ( Figure 5 ). No other tubular segment demonstrated clear morphological changes.
Thus, it appears that the S3 segment may be uniquely susceptible to shock-induced ischemic damage, not All values are means (± 1 SEM in parentheses). TAN, total adenine nucleotide content; AEC, adenylate energy change (see text); IMP, inosine monophosphate; ADO, adenosine; INO, inosine; HPX, hypoxanthine; X, xanthine; UA, uric acid; Tcat, total catabolite concentration (IMP+ADO+INO+HPX+X+UA); HS, hemorrhagic shock; RAO, renal arterial occlusion. just in comparison with other tubular segments20'23.24 but, possibly, also in comparison with selected extrarenal tissues. The restriction of renal morphological damage to the S3 segment suggests that the cortical/ outer medullary tissue ATP depletion noted in these experiments is an average of very different tubular segment ATP concentrations. If so, then S3 segment ATP depletion may have exceeded that observed in the liver, despite the results obtained from the whole liver/kidney tissue assessments.
The second goal of this study was to contrast the effects of different forms of shock on tissue adenylate pools. For this purpose, a CPS model, producing both severe hypoxemia and right atrial distension (and presumably atrial natriuretic peptide release), and an SS model were developed. Pilot studies demonstrated that once severe hypotension develops with these models, it progresses rapidly, culminating in death between 10 and 15 minutes. Thus, in contrast to the HS experiments, interorgan adenylate responses to CPS and SS could only be reliably defined in the early shock period. Qualitatively, the pattern of relative tissue ischemia induced by CPS mimicked that produced by HS: the greatest adenylate changes occurred in the liver, followed by the kidney, and then the SI. Quantitatively, however, the kidney appeared to tolerate CPS better than HS, since the renal AEC and ATP/ADP ratios were statistically higher with the former protocol despite comparable MAPs (35-40 mm Hg). This relative adenylate preservation with CPS is particularly noteworthy, since this protocol was associated with severe hypoxemia (Po2<40 mm Hg). It has been proposed that cardiogenic shock induces less ischemic renal damage than does hypovolemic shock,'2 possibly due to less sympathetic nerve-mediated renal vasoconstriction25 or increased atrial natriuretic peptide secretion. Our finding that renal cellular energetics are better preserved during short-lived CPS than HS supports these possibilities. SS, like CPS, also caused less renal adenylate loss than did HS. In fact, it was the only form of shock that did not decrease renal AEC or ATP/ADP ratios. The reason for this is unknown. However, it tends to support at least one recent suggestion that SS often causes a hemodynamic (vasoconstrictive) form of ARF rather than ischemic tubular necrosis. 21 The third goal of this study was to define the level of shock required to produce renal TAN (not just ATP) depletion and then to define the metabolic fate of the lost adenine nucleotide. Thus, rats were subjected to progressively severe HS to determine at what level a TAN decrement results. These experiments showed that at least 35-40 mm Hg HS for 25 minutes is required to significantly lower renal (and hepatic) TAN content (SI values remaining intact). This suggests that most renal ATP loss during clinical shock is probably due to a shift of ATP to ADP/AMP and not to nucleoside/purine base catabolites (as occurs with RAO).17 Thus, it may be that renal XO-mediated oxidant stress can only occur during an extreme shock state, since this appears to be required to generate excess purine base.
Catabolite assessments from these TAN depletion experiments yielded two noteworthy observations. First, no close relation exists between the amount of organ TAN depletion and the extent of intraorgan catabolite buildup. For example, SI lost no TAN, and yet 1.2 gmol/g catabolite accumulated. The kidney and liver lost comparable amounts of TAN, but the kidney had twice as much catabolite gain (4.26 versus 1.92 ,umol/g). This suggests that hypoperfusion, as opposed to complete arterial occlusion, allows for redistribution of catabolites between organs. To test this hypothesis, hypoxanthine was infused intravenously during HS, and it quadrupled intrarenal hypoxanthine, as well as xanthine and uric acid, concentrations. Since HS raised plasma urate levels almost fivefold in the absence of hypoxanthine infusion, it is clear that shock can change intrarenal catabolite levels independent of renal adenylate pool changes. This finding has potential pathogenetic significance, since it raises the possibility that nucleosides/purine bases, generated at extrarenal sites, could possibly influence ischemia-reperfusion events within the kidney. The second noteworthy observation stemming from the ATP catabolite assessments is that qualitative differences in catabolite profiles exist between organs. Purine base/uric acid ratios were consistently much higher in the kidney than in the liver or SI. This is probably due to much higher XO concentrations in the latter two organs. 26, 27 Because of this, uric acid represents a relatively small percent of the total renal catabolite pool (33%) compared with the liver (47%) and SI (67%). Of note, probably the best evidence for XO-mediated injury exists in the postischemic SI.27 Differences in XO activity, as suggested by these findings, provide a rationale for this observation.
The fourth goal of this study was to extend our assessments of whether XO-mediated oxidant stress helps mediate renal reperfusion injury. Previously, we have been unable to demonstrate that this mechanism is important in postischemic ARF, based on studies using the RAO model. 16, 17 Possible explanations for this are that 1) XO is not operative during RAO, because of insufficient 02 supply and 2) purine bases efflux too rapidly from the post-RAO kidney to support XO activity.28 These considerations previously led us to test whether antioxidant maneuvers, including allopurinol, could protect against a hypoperfusion ARF model (partial aortic ligation).15 However, no benefit was noted in that study,15 based on 24-hour functional and morphological assessments. We have now questioned whether XO inhibi-tion might have a transient beneficial effect on the postshock kidney, but it is one that is missed by delayed functional/histological assessments. To address this possibility, the severity of renal morphological injury (S3 brush border damage) was compared at the end of shock versus early "reflow," with and without oxypurinol treatment. After 30 minutes of reflow, much of the membrane damage noted at the end of shock had resolved ( Figure 5 ). Thus, it appears that the early postshock period was one of net recovery, not overt tubular injury. That oxypurinol had no significant effect on the residual histological findings also suggests a lack of serious XOmediated oxidative damage. The brush border recovery during this period probably reflects a reversal of ischemia-induced luminal membrane internalization,20 not new membrane resynthesis, since resynthesis would require hours, not minutes, to develop. The fate of sloughed brush border blebs cannot be stated. Perhaps they were reabsorbed, degraded, or possibly excreted, although no obvious urinary flow was noted in the immediate postshock period.
The fifth goal of this study was to determine the degree of early TAN recovery after severe shock. For comparison, it should be recalled that by 15-30 minutes after release of RAO an approximate 50% increment in TAN content results, compared with end-ischemic concentrations (e.g., see Reference 17) . When viewed in this context, the HS/recovery experiments are remarkable in that absolutely no TAN increment occurred in the kidney, liver, or SI after 30 minutes of reflow. A possible explanation for this complete failure of early TAN resynthesis is that hypoperfusion mitigates nucleoside/purine base buildup within the kidney due to limited ATP breakdown and accelerated conversion of purine base to uric acid, made possible by aerobic metabolism. Thus, the amount of catabolite available for adenine nucleotide resynthesis via salvage is quite limited. However, this cannot be the only reason for the total failure of early TAN resynthesis, since we have previously shown that this process is, in large part, dissociated from the amount of adenylate catabolite present in the postischemic kidney. 28 Thus, it appears more likely that the greater early adenylate recovery after RAO, compared with HS, relates to the far greater TAN loss in the former model, which in some unknown way drives de novo ATP resynthesis.
The sixth, and final, goal of this study was to contrast renal adenylate responses to HS with those induced by RAO. This comparison was prompted by the fact that RAO is the principal model used to study clinical ischemic ARF. Five differences are worthy of comment: 1) The ATP/TAN decrements induced by HS are extremely modest in comparison with those that occur during arterial occlusion. Thus, the RAO model of ischemic ARF may grossly overestimate the amount of whole kidney adenine nucleotide depletion that occurs in shock. 2) As a consequence of limited TAN breakdown, there is limited catabolite accumulation during shock, compared with RAO. Less catabolite buildup could theoretically decrease postshock XO activity and, possibly, postischemic TAN resynthesis.17 3) Purine base/uric acid ratios are much higher (>10-fold) during RAO than during HS, undoubtedly because greater 02 deprivation during RAO limits purine metabolism to uric acid. 4) Shock allows for extensive renal uptake of circulating catabolites, for example, purine bases. Thus, unlike total renal ischemia,29 intrarenal catabolite levels during shock do not accurately reflect adenylate breakdown. 5) Pronounced immediatereperfusion adenine nucleotide resynthesis occurs after RA017 but not after hemorrhagic shock, perhaps because of markedly different degrees of ischemic nucleotide depletion. Given these five differences between RAO and shock-induced adenylate profiles, caution should be used when extrapolating results from RAO studies to clinical forms of ischemic renal injury.
